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Abstract
Recently two groups independently observed unidentified X-ray line signal at the energy 3.55
keV from the galaxy clusters and Andromeda galaxy. We show that this anomalous signal can
be explained in annihilating dark matter model, for example, fermionic dark matter model in
hidden sector with global U(1)X symmetry proposed by Weinberg. There are two scenarios for the
production of the annihilating dark matters. In the first scenario the dark matters with mass 3.55
keV decouple from the interaction with Goldstone bosons and go out of thermal equilibrium at high
temperature (> 1 TeV) when they are still relativistic, their number density per comoving volume
being essentially fixed to be the current value. The correct relic abundance of this warm dark
matter is obtained by assuming that about O(103) relativistic degrees of freedom were present at
the decoupling temperature or alternatively large entropy production occurred at high temperature.
In the other scenario, the dark matters were absent at high temperature, and as the universe cools
down, the SM particles annihilate or decay to produce the dark matters non-thermally as in ‘freeze-
in’ scenario. It turns out that the DM production from Higgs decay is the dominant one. In the
model we considered, only the first scenario can explain both X-ray signal and relic abundance. The
X-ray signal arises through p-wave annihilation of dark matter pair into two photons through the
scalar resonance without violating the constraints from big bang nucleosynthesis, cosmic microwave
background, and astrophysical objects such as red giants or white dwarfs. We also discuss the
possibility that the signal may result from a decaying dark matter in a simple extension of Weinberg
model.
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I. INTRODUCTION
Recently unidentified X-ray line at 3.55 keV energy has been discovered independently
by two groups [1]. Its statistical significance over the background is 4-5σ. One possible
explanation for the anomaly may be long-searched-for dark matter (DM). There are already
many works trying to explain the line signal in dark matter models [2].
In this paper, we show that the X-ray line signal can be obtained by DM annihilation.
Specifically we work in the annihilating dark matter model proposed by Weinberg [3]. The
model has global U(1)X symmetry under which all the standard model (SM) particles are
neutral and a fermionic dark matter and a dark scalar are charged. The dark scalar me-
diates the interaction between the dark sector and the SM sector [4]. Weinberg showed
that the Goldstone boson resulting from the spontaneous symmetry breaking of the global
symmetry can mimic dark radiation and contribute to the effective neutrino number Neff .
If the Goldstone bosons go out of thermal equilibrium at the temperature just above the
muon (electron) mass and we can get ∆Neff = 0.39(0.57) [3]. The collider signature of the
Goldstone bosons and the indirect signal of DM annihilating into two photons in light of
the Fermi-LAT 130 GeV gamma-line have been studied in the model [5].
If the X-ray line signal is interpreted as a DM annihilation, the DM mass should be about
3.55 keV and the required annihilation cross section into two photons times relative velocity
of the dark matters should be [6]
σvrel = (7.1× 10−8 − 1.3× 10−6) pb. (1)
In principle the DM relic abundance can be obtained by two independent mechanisms. In
the first mechanism dark matters go out of thermal equilibrium at high temperature when
they are relativistic. This is the same with the mechanism by which the relic neutrinos
are obtained. Since the dark matter for X-ray line signal is much heavier than neutrinos,
we need large number of relativistic degrees of freedom (g∗(Tf ) ∼ 3500[20]) at decoupling
temperature Tf to get the correct relic density. The large g∗(Tf) can be obtained, for
example, by assuming new physics such as large extra dimensional model where towers of
Kaluza-Klein excited states of the SM are predicted. In the second mechanism, even if there
were no primordial dark matter relic, the dark matters can be produced by non-thermal
annihilation of the bottom quark pair or decay of Higgs boson at low temperature as in the
freeze-in mechanism [7]. Although there may be constraints on annihilating dark matters,
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for example, from big bang nucleosynthesis (BBN), cosmic microwave background (CMB),
and astrophysical objects such as red giants or white dwarfs, they can be evaded in our
model.
II. THE MODEL
The model introduces a fermionic dark matter ψ and a scalar field ϕ charged under a
new global symmetry U(1)X with the quantum number 1 and 2 respectively. Then the
Lagrangian invariant under U(1)X can be written as [3]
L = LSM + ∂µϕ∗∂µϕ− µ2ϕ∗ϕ− λϕ(ϕ∗ϕ)2 − λHϕH†Hϕ∗ϕ
+ψiγµ∂µψ −mψψψ − (f
2
ψψcϕ+ h.c.), (2)
whereH is the SM Higgs doublet field and the coupling constant f can be taken to be positive
without loss of generality by appropriate field redefinition. To make scalar potential stable
the quartic couplings should satisfy
|λHϕ| < 2
√
λHλϕ, (3)
where λH is the quartic coupling of H . After H and ϕ obtain vacuum expectation values
vH and vϕ, respectively, we can expand the scalar fields as
H =
1√
2
 0
vH + h
 , ϕ = 1
2
(vϕ + φ)e
iα/vϕ , (4)
where α is the Goldstone boson. Then the global U(1)X symmetry is broken down to Z2
symmetry under which ψ → −ψ and all the other fields are unchanged. As a result the ψ
field splits into two Majorana mass eigenstates ψ±:
ψ =
1√
2
(ψ+ + iψ−),
ψc =
1√
2
(ψ+ − iψ−), (5)
with the massesmψ± = mψ±fvϕ/
√
2. The residual Z2 symmetry prevents the DM candidate
for which we take ψ− from decaying. The real parts of the scalar fields also mix with each
other by mixing angle αH , h
φ
 =
 cH sH
−sH cH

 H1
H2
 ≡ O
 H1
H2
 , (6)
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FIG. 1: Dominant Feynman diagrams contributing to the relic density calculation.
where cH(sH) ≡ cosαH(sinαH) and Hi(i = 1, 2) are the scalar mass eigenstates with masses
mi. With the above definition, αH < 0 for m2 < m1. We take H1 (m1 = 125 GeV) as the
Higgs particle discovered at the LHC.
III. ANNIHILATING DM SCENARIO
If the dark matters go out of thermal equilibrium in the early universe when they are
still relativistic, the current relic abundance is given by [8]
Ωψ−h
2 = 278
geff
γg∗S(Tf)
(
mψ−
3.55keV
)
,
or Y (Tf) ≡ n(Tf )
s(Tf )
= 0.278
geff
g∗S(Tf )
, (7)
where geff = g(bosons), 3g/4(fermion) and γ is the factor by which the entropy per comov-
ing volume increases by some out-of-equilibrium processes after the decoupling of ψ−. In
this case the relic density is not sensitive to the decoupling temperature Tf , and we take
103GeV <∼ Tf <∼ 1010GeV. Taking Ωψ−h2 = 0.1199,mψ− = 3.55 keV and geff = 3/4∗2 = 1.5,
we get g∗S(xf) = 3.4× 103/γ. We can either assume large γ or some beyond-the-standard-
model physics, for example large extra dimensional models with Kaluza-Klein towers of the
SM particles with masses less than Tf , to explain this rather large g∗S(xf). At the freeze-out
temperature Tf , the DM ψ−’s are decoupled from the annihilation process ψ−ψ− → αα and
go out of thermal equilibrium. This process is dominated by the Feynman diagrams shown
in Fig. 1. The interactions between the Goldstone boson and dark matter/Higgs particles are
proportional to 1/vϕ. Other relevant parameters for the diagrams are the Yukawa coupling
f , the scalar masses mi(i = 1, 2). For example, the s-channel diagram gives the annihilation
cross section
σvrel ≈ f
2v2rels
2
256piv2ϕ(s−m2φ)2
, (8)
4
ΑH=10-8ΑH=10-5ΑH=10-2
T f=103GeV
T f=106GeV
T f=1010GeV
3 4 5 6 7 8 9 10
-9
-8
-7
-6
-5
-4
-3
-2
log10HvjGeVL
lo
g 1
0f
FIG. 2: Allowed parameter space in (vϕ, f)-plane for relic abundance and X-ray line signal. The
colored regions can explain the X-ray line signal by ψ−ψ− → γγ for the mixing angles αH =
−10−2,−10−5,−10−8 from left. The black lines give the correct relic density Ωψ−h2 = 0.1199 by
decoupling at Tf = 10
3, 106, 1010 GeV from above.
where we neglected the small αH . Since ψ− decouples at high temperature, we can ap-
proximate s ≈ T 2 ≫ m2ψ−(∼ m2φ). Then, since the number density for relativistic particles
n ≈ T 3 and vrel ≈ 1, when
n〈σvrel〉 ≈ f
2T 3
256piv2ϕ
(9)
becomes less than the Hubble expansion parameter H ≈ T 2/mpl, the DM particles decouple
from the thermal bath. The freeze-out temperature is determined from the condition
f 2mplTf
256piv2ϕ
≈ 1. (10)
Fig. 2 shows allowed parameter space in (vϕ, f)-plane for relic abundance and X-ray line
signal. The colored regions can explain the X-ray line signal by ψ−ψ− → γγ (See (20))
for the mixing angles αH = −10−2,−10−5,−10−8 from left. We assumed the resonance
condition, m2 = 2mψ− = 7.1 keV, is satisfied. The black lines give the correct relic density
Ωψ−h
2 = 0.1199 by satisfying (10) for Tf = 10
3, 106, 1010 GeV from above. Large mixing
angle is disfavored because the invisible Higgs decay width becomes too large, and we restrict
αH <∼ 0.01. If ψ+ mass becomes similar to the mass of the DM ψ−, we can get additional
coannihilation channel ψ−ψ+ → αα. However, we do not consider this case because it does
not change the decoupling temperature much.
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The cross section of the DM annihilation into the SM particles always involves the mixing
matrix, O, in the form ∣∣∣∣∣∣
∑
i=1,2
O1iO2i
s−m2i + imiΓi
∣∣∣∣∣∣
2
, (11)
where Γi is the total decay width of Hi. The cross section is vanishing for s ≫ m2i due
to the orthogonality of matrix O. The s-channel annihilation cross section ψ−ψ− → f f¯ is
obtained to be
σvrel =
Nfc f
2m2fv
2
rels
64piv2H
∣∣∣∣∣∣
∑
i=1,2
O1iO2i
s−m2i + imiΓi
∣∣∣∣∣∣
2 (
1− 4m
2
f
s
)3/2
. (12)
For the ψ−ψ− → W+,W−(Z,Z) it is given by
σvrel =
f 2v2rel
32piv2H
∣∣∣∣∣∣
∑
i=1,2
O1iO2i
s−m2i + imiΓi
∣∣∣∣∣∣
2
×
m4W
(
2 +
(s− 2m2W )2
4m4W
)√
1− 4m
2
W
s
+
m4Z
2
(
2 +
(s− 2m2Z)2
4m4Z
)√
1− 4m
2
Z
s
 . (13)
These forms suggest the interactions become stronger as s becomes smaller due to imperfect
cancellation and 1/s behavior. The t-channel ψ−-exchanging ψ−ψ− → H1H1 annihilation
cross section
σvrel ≈ f
4α4Hv
4
relmpl
3072pis
(14)
does not cancel but is suppressed by (fαH)
2 compared with the s-channel cross section and
is always negligible.
As the universe cools down, the decoupled dark matters may annihilate into the SM
particles or additional dark matter particles may produced by pair annihilation of the SM
particles, when the interactions of dark matters with the SM particles are strong enough.
Now let us consider these possibilities. The Boltzmann equation for the number density of
ψ−, nψ− , is written as
dnψ−
dt
+ 3Hnψ− = −〈σ(ψ−ψ− → XX¯)vrel〉
[
n2ψ− − (nEQψ− )2
]
, (15)
where X(X¯) represents any SM particle and nEQψ− is the number density if it were in equilib-
rium with the thermal bath at time t (or temperature T ). The temperature of ψ− is smaller
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than the thermal plasma temperature, T , by factor (g∗S(T )/g∗S(Tf ))
1/3 [8]. Therefore, we
always get nψ− < n
EQ
ψ−
after the decoupling of ψ−, implying that additional ψ− may be
created from thermal plasma at lower temperature but not the other way around. It turns
out that the production yield, Y = nψ−/s, is the largest for bb¯ → ψ−ψ−. The Boltzmann
equation for this case
dY
dT
=
√
pig∗
45
3f 2α2Hm
4
bmpl
64piv2Hm
4
ψ−
K21 (mb/T )
K22 (mψ−/T )
(Y 2 − Y 2eq), (16)
gives the correct relic abundance when fαH ∼ 10−6 assuming there is no dark matter at
high energy.
There is another “freeze-in” process for the production of ψ− DM: the decay of H1,
H1 → ψ−ψ− [7]. In this case the Boltzmann equation
dY
dT
≃ −m
2
1ΓH1→ψ−ψ−
2pi2sH
K1
(
m1
T
)
, (17)
with
ΓH1→ψ−ψ− ≃
f 2α2Hm1
32pi
(
1− 4m
2
ψ−
m21
)3/2
, (18)
gives the correct relic abundance when fαH ∼ 10−8. Therefore we can see the Higgs decay
process is more effective in producing the dark matter particles via freeze-in mechanism.
However, as can be seen in Fig. 2, in most parameter space fαH ∼ 10−8 is large enough to
allow the DM to be in thermal equilibrium with the Goldstone bosons at high temperature,
T > 103 GeV, making this freeze-in mechanism irrelevant[21].
Now let us consider decoupling of the Goldstone bosons from the thermal bath. The de-
coupling temperature was estimated by Weinberg [3]. He proposed an interesting possibility
that the Goldstone boson “can be masquerading as fractional cosmic neutrinos” and con-
tribute to the effective neutrino number by amount ∆Neff = 0.39(0.57) when they decouple
just before muon (electron) pair annihilation. Using λHϕ ≈ −m21αH/vHvϕ for small αH and
small m2, the condition for the Goldstones go out of thermal equilibrium just before f − f¯
pair annihilation becomes [3]
α4Hm
7
fmpl
v2Hv
2
ϕm
4
2
≈ 1. (19)
For example, for (αH , vϕ) ≈ (−10−4, 106GeV) ((αH , vϕ) ≈ (−10−2, 102GeV)) the Goldstone
bosons decouple just before muon (electron) pair annihilation. As αH becomes smaller, the
Goldstones decouple much earlier and ∆Neff ≪ 1.
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FIG. 3: Feynman diagram contributing to the 3.55 keV X-ray line signal.
Now let us turn to the ψ−ψ− → γγ process for the 3.55 keV X-ray line signal. The main
contribution to this process is the Hi mediated s-channel process shown in Fig. 3, where a
pair of ψ−’s annihilate into the dark scalar φ which mixes into the SM scalar h, followed by
h decaying into two photons via one-loop diagram inside which W± and heavy quarks are
running. As a result, contrary to the ψ−ψ− → αα case for the relic density, ψ−ψ− → γγ
is very sensitive to the mixing angle αH . The annihilation cross section for ψ−ψ− → γγ is
obtained to be
σvrel =
α2emf
2v2rels
2
2048pi3v2H
∣∣∣∣∣ ∑
i=1,2
O1iO2i
s−m2i + imiΓi
∣∣∣∣∣
2
×
∣∣∣∣∣F1
(
4M2W
s
)
+
∑
f
Nfc Q
2
fF1/2
(
4m2f
s
) ∣∣∣∣∣
2
, (20)
where vrel ∼ 10−3 is relative velocity of dark matter and s ≈ 4m2ψ−/(1 − v2rel/4). The loop
functions F1, F1/2 can be found in [10]. To get the plot in Fig. 2 we averaged over the
velocity distribution of dark matter, 〈σvrel〉v =
∫
d3ve−v
2/v2
0σv/
∫
d3ve−v
2/v2
0 with v0 ≈ 10−3.
Too large mixing angle may enhance the Higgs invisible decay rates beyond the current
experimental limit through, H1 → H2H2 or H1 → ψ−ψ−. Currently at most 19% deviation
from the SM Higgs decay width (ΓSM ≈ 4 MeV) is allowed from the LHC Higgs search
experiments [11], and we restrict |αH | ≤ 0.01 in Fig. 2.
A. Constraints
In this section we discuss some potential cosmological and astrophysical constraints on the
model. Although the dark matter ψ− itself contributes to the effective number of neutrinos
Neff [12], since ψ− decouples from the thermal bath at very high energy, its contribution is
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negligible in our model. Another constraint may come from the injection of energy into the
thermal plasma from ψ−ψ− → γγ at CMB epoch. For s-wave annihilation into two photons,
the CMB observation constrains
〈σvrel〉CMB < 2.86× 10−7 pb, (21)
for a DM with mass 3.55 keV [6]. In our case, the annihilation process (20) is p-wave, and
can easily avoid the above constraint because the relative velocity of DMs at CMB era was
much smaller than that at current universe.
In some astrophysical objects such as red giants, white dwarfs, and neutron stars, the
plasmons may annihilate into a pair of DM particles through the inverse process of X-ray
signal, i.e. γγ → ψ−ψ−. If the produced DMs escape the objects, they could cool the stars
faster than observation. This gives the constraint on the energy loss per unit volume per
unit time [13]
d2E
dV dt
< 1.6× 106 erg/cm3/sec. (22)
In our model taking σvrel(γγ → ψ−ψ−) to be the same with (1) for rough estimation, we get
d2E
dV dt
=
1
2
mγn
2
γ〈σvrel(γγ → ψ−ψ−)〉
∼ 109 erg/cm3/sec, (23)
where we have taken the parameters of red giants from [13]. Although, compared with (22),
the energy loss is too large, we find that the elastic scattering cross sections ψ−e(He) →
ψ−e(He) are also large enough to trap the DM inside red giants. The necessary cross section
is about 1.6 pb [13]. The cross section of ψ−e→ ψ−e is given by
σ(ψ−e→ ψ−e) = f
2m2e cos
2 αH sin
2 αH
32pisv2H
×
[
1 +
4(m2e −m2ψ−)
sβ
log
m2ψ− + sβ
m2ψ−
]
≈ 3× 10−4 pb≪ 1.6 pb (24)
where β = [s − (me +mψ−)2][s− (me −mψ−)2]/s2. The electron contribution is too small.
However, the He contribution is more than (mHe/me)
4 ≈ 1013 larger than the electron cross
section, even considering the order one uncertainty of scalar-He coupling, which is large
enough to keep the DMs from escaping red giants. We have checked that similar arguments
apply to other astrophysical objects.
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IV. DECAYING DM SCENARIO
Another possibility in the Weinberg model is to utilize ψ+ → ψ−α followed by α→ γγ by
some additional new physics acting on the Goldstone boson α that is described by effective
Lagrangian:
Lαγγ = cαγγαem
4pivϕ
αFµνF˜
µν (25)
where cαγγ is a model dependent coupling which encodes underlying new physics for α→ γγ.
If two Majorana states ψ+ and ψ− are quite heavy with small mass difference ∆M ∼ 7.1
keV, one can produce photon spectrum from ψ+ → ψ− + α → ψ− + γγ. However we have
to discuss first the explicit global symmetry breaking which would generate nonzero finite
mass for the Nambu-Goldstone boson α.
A. Explicit global symmetry breaking
Note that α → γγ decay requires nonzero mass for the Goldstone boson α. This seems
contradictory to the model with spontaneously broken global dark symmetry, which would
imply a massless Nambu-Goldstone (NG) boson α. However this is not really the case.
Any global symmetry is expected to be broken by gravity, so that global symmetry would
be only approximately conserved. Small explicit breaking of spontaneously broken global
symmetry would generate small but nonzero finite mass for the NG boson α. The explicit
global symmetry breaking term can be organized as follows:
Lsym−breaking = −1
2
m2αα
2 − λα
4!
α4 + ..... (26)
One can consider spurion technique to write down the explicit global symmetry breaking
term, assuming a spurion χ with U(1)X charge −1 and mass dimension equal to zero so
that χϕ is U(1)X invariant and dim-1 operator. After constructing the U(1)X invariant
Lagrangian, we set χ = vϕ/Mpl and then global U(1)X will be explicitly broken due to
quantum gravity effects. Note that χ→ 0 as Mpl →∞, the full global symmetry would be
recovered in this limit as anticipated.
Then the leading operators with positive powers of χ that would break global symmetry
explicitly due to quantum gravity effects would be
Lspurion = c2M2pl(χϕ)2 + c4(χϕ)4 + c2HH†H(χϕ)2 +H.c.... (27)
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where ci’s are ∼ O(1) dimensionless couplings using the naive dimensional analysis. We
assume that ci’s are real. Note that the decay φ→ αα is allowed by explicit global symmetry
breaking, if it is kinematically allowed.
Under our assumption χ = vϕ/Mpl, only the c2 term plays an important role, whose effects
can be parametrized in term of a single coupling c2. And c2 can be traded with the Goldstone
boson mass mα by the relation m
2
α ≡ 6c2v2ϕ. The NG boson mass mα, φ→ αα, 4α, 6α, etc.
and α4 self-interaction as well as φφ→ αα, 4α, etc. are all correlated with the coupling c2.
Once α gets massive through explicit global symmetry breaking, it would be able to decay
into γγ and any other SM particles if kinematically allowed. Motivated by 3.5 keV X-ray
line, we will consider the decay chains, ψ+ → ψ−+α→ ψ−+ γγ, assuming ∆M ∼ 7.1 keV.
B. Long lived ψ+
If ψ+ could be cosmologically stable, we are led to consider two-component DM model
with both ψ− and ψ+. In order that it could explain the observed X-ray lines, the following
condition is to be fulfilled:
Γ(ψ+ → ψ−γγ) ≃ (3.3× 10−48 − 5.9× 10−47)GeV×
(
mDM
GeV
)
. (28)
We note, however, that the above 3-body decay process gives broad photon spectrum peaked
around 3.55 keV rather than the observed line shape, for mass difference ∆M = 7.1 keV.
The decay rate of this mode is roughly order of
Γ ≈ c
2
αγγα
2
em(∆M)
9
192pi5m4αv
4
ϕ
≈ 4.2× 10−48GeV
×
(
cαγγ
1
)2 ( ∆M
7.1 keV
)9 (10 keV
mα
)4 (
103GeV
vϕ
)4
(29)
assuming the α is more massive than the mass difference ∆M . Both ψ+ and ψ− can be ther-
malized by Higgs portal interaction and the emission of Goldstone boson, ψiψi → HkHl, αα
(i = + or−, and k, l = 1, 2), as well as the coannihilation channel ψ+ψ− → Hk=1,2α. Fig. 4
shows the thermal relic density as a function of the H2 mass m2, assuming the the mass
difference ∆M = 7.1 keV, the coupling cαγγ = 1, the Goldstone boson mass mα = 10 keV for
two different values of DM mass mDM = 1 MeV and 1 GeV. For mDM = 1 MeV (1 GeV) we
11
10-4 0.001 0.01 0.1 1 10
10-10
10-7
10-4
0.1
100
105
m2 HGeVL
W
h2
f=0.1, ÈΑH È=10-4
FIG. 4: The ΩDMh
2 as a function of m2 for (mDM, vϕ) = (1MeV, 500GeV) (red line) (mDM, vϕ) =
(1GeV, 3000GeV) (blue line). For other parameters, we assumed f = 0.1, |αH | = 10−4, cαγγ = 1,
∆M = 7.1 keV, and mα = 10 keV.
take vϕ ≈ 3000(500) GeV by comparing (28) and (29). We can see that the relic abundance
can be easily accommodated.
The photons produced in the decay of the long lived ψ+ inject energy to the baryon-
photon plasma at the epoch of CMB decoupling. Since such an energy injection disturb
CMB photon and reionization history, it is highly constrained by the present CMB data
[17–19]. The constraint can be interpreted as a bound on the decay rate of the dark matter:
Γ+ <∼ 10−10
ρDM
GeV3
(
m+
Eγ
)(
ρDM
ρ+
)(
Tcmb
T0
)3
≃ 2× 10−43GeV
(
m+
1GeV
)(
7 keV
Eγ
)(
ρDM
ρ+
)
(30)
where ρDM is the present energy density of dark matter, Eγ is the injected energy from a decay
of ψ+, ρ+ is the present energy density of ψ+, and we used ΩDM = 0.268, Tcmb = 0.26 eV
and T0 = 2.35× 10−4 eV. The decay width for X-ray signal, (28), satisfies the above bound
for mDM <∼ 103 GeV.
V. CONCLUSIONS
We proposed annihilating and decaying dark matter scenarios to explain the current dark
matter relic abundance and recently observed unidentified 3.55 keV X-ray line signal. In
these scenarios we introduce a global symmetry U(1)X , and also a Dirac fermion ψ, a scalar
12
ϕ which are charged under U(1)X . The scalar field ϕ gets a vacuum expectation value vϕ
with a value in the range 103–1016 GeV, which breaks the U(1)X down to Z2 symmetry
under which X → −X . The remnant Z2 symmetry guarantees the stability of dark matter
which we take to be ψ−. After the symmetry breaking the Dirac fermion ψ splits into two
Majorana fermions ψ± with masses mψ±. The real component of dark scalar ϕ, φ, mixes
with the SM Higgs h with mixing angle αH making two scalar mass eigenstates Hi(i = 1, 2)
with masses mi.
In the annihilating DM scenario, the monochromatic X-ray signal can be explained for the
mixing angle |αH | ∼ 10−8−10−2, the Yukawa coupling of the dark matter and the dark scalar
f ∼ 10−8−10−3 when the resonance conditionm2 = 2mψ− is satisfied with an accuracy at the
level of 10−3. In the early universe where large relativistic degrees of freedom (∼ 103) which
possibly comes from new physics contributions were present (entropy production processes
during the evolution of the universe can reduce this number), the process ψ−ψ− ↔ αα
thermalizing ψ− with the thermal plasma decouples around temperature Tf = 10
3 − 1010
GeV. Then the energy of dark matter simply red shifts and becomes nonrelativistic at
the temperature below its mass as the universe expands and cools down. The Goldstone
bosons may decouple from the SM thermal bath at temperature just above muon (electron)
annihilation and contribute to the effective neutrino number as large as 0.39 (0.57).
Another possibility to give the X-ray signal in the model comes from the decay of long-
lived ψ+: ψ+ → ψ−α → ψ−γγ, although the spectrum is not sharp. We can obtain the
required decay width for ∆M = mψ+ −mψ− ≈ 7.1 keV for the decaying DM mass mDM ≈
mψ±=1 GeV (1 MeV) when vϕ = 500(3000) GeV, mα = 10 keV, f = 0.1, |αH | = 10−4.
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